Boletus edulis and Boletus tomentipes are two well-known mushroom species which are widely consumed in Yunnan province due to their high nutritional and medicinal values. Fourier transform mid-infrared spectroscopy can determine exclusive spectra fingerprint of a sample and further analyse its quality when combined with appropriate chemometrics. In this study, identification and discrimination of B. edulis and B. tomentipes mushrooms from different geographical locations were performed based on Fourier transform midinfrared spectroscopy and chemometrics. Principal component analysis, hierarchical cluster analysis, and partial least squares discriminant analysis allowed us to identify and discriminate mushroom samples depending on their unique metabolic spectral fingerprints. The range of 1800-400 cm −1 , which exhibited major characteristics of mushroom samples was selected for next analysis. The unsupervised principal component analysis and hierarchical cluster analysis showed that mushroom samples from different geographical locations could be effectively identified. Furthermore, the supervised partial least squares discriminant analysis method was used to predict unknown mushroom samples successfully based on developed calibration model. In conclusion, these results indicated that Fourier transform midinfrared technique combined with appropriate chemometrics can be used as an effective and rapid strategy for quality control of B. edulis and B. tomentipes mushrooms with respect to their geographical locations. In addition, this technique also can be applied in other mushroom species for this purpose when coupled with reasonable chemometrics.
Introduction
In recent years, there has been sustaining increase of commercial interest in mushrooms in pharmaceutical and food industries due to their wide usages as both food and medicine in many countries. [1] So far, a great amount of benefits of wild-grown mushrooms have been associated to the life of human. For example, most wild-grown mushrooms are rich in polysaccharides, proteins, amino acids, vitamins, and minerals, which can provide a high nutritional value for health. [2, 3] In addition, many fungi have been proved to possess the immunomodulatory, anti-neoplastic, and antioxidant activities because of their basic metabolic constituents. [4] [5] [6] Therefore, there is a growing concern on the quality of edible mushrooms over the world due to their unique nutritional and medicinal values.
Boletus edulis and Boletus tomentipes belonging to genus Boletus are two well-known edible mushrooms which mainly grow in Yunnan province of China at the altitudes of 1000-2200 m, while B. edulis is also abundant and widely consumed in Europe. [7] To our best knowledge, these two fungi have higher economic value due to their high nutrition, delicious flavour, and considerable production in Yunnan province. According to modern nutritional and pharmacological studies, these species can also exhibit some features of the functional food because of their anti-oxidant, antitumour, and anti-diabetic functions, since abundant polysaccharide compounds have been isolated.- [8] [9] [10] However, the natural sources of these mushrooms are always widely distributed under different surrounding conditions, and many factors such as precipitation, temperature, and parasitic plant may lead to the variation of nutritional and medicinal components. [11, 12] For instance, Yang et al. [12] have developed ultraviolet (UV) spectroscopy to analyse the difference of B. tomentipes mushrooms from different geographical locations effectively. In addition, according to previous literatures, some trace elements in these two mushrooms also showed obvious variations depending on their sites and especially most hazardous elements such as Hg, Cd, Pb. [13, 14] In some natural sites which are impacted by industrial production, the mushrooms may be contaminated seriously with hazardous elements. Therefore, geographical locations may have an important influence on both the quality and safety of these mushrooms.
At present, some appearance features, in particular texture and colour, are always related to the consumption of mushrooms, and therefore in the markets they are priced and graded according to these visual observations. [15] However, this strategy may be too subjective to estimate the intrinsic quality which is determined by many bioactive metabolites, such as polysaccharides and proteins. On the other hand, many instrumental methods, such as gas chromatography-mass spectrometry and molecular methods also have been developed for identification of fungi samples. [16] [17] [18] However, these methods are expensive, complicated, and time-consuming. Therefore, a novel, reliable, and rapid analytical method suited for quality control of B. edulis and B. tomentipes remains a call urgently.
To the best of our knowledge, spectroscopic techniques can present a rapid, simple, and low-cost approach to classify samples of any type, in terms of the vibrations and rotations of special molecular structures. [19] Among them, Fourier transform mid-infrared (FT-MIR) spectroscopy is an effective tool which can scan the overall chemical composition of a sample in the mid-infrared region (4000-400 cm −1 ) and thus the metabolic fingerprint created by this technique can represent sample's authentic quality. [20] [21] [22] However, these spectral fingerprints cannot be identified directly only by visual inspection due to a large amount of variables. The chemometrics including supervised and non-supervised methods which have been subjected to an increased application in recent years can be used for the interpretation and evaluation of such amounts of data. [23] In general, principal component analysis (PCA), hierarchical cluster analysis (HCA), and partial least squares discriminant analysis (PLS-DA) are the most common chemometrics for analysing these spectra fingerprints. [24] [25] [26] Up to now, FT-MIR spectroscopy coupled to chemometrics has been applied to determinate geographical locations of foods and medicines widely, demonstrating that this technique can be used as a promising technique for this aim. For example, the rapid identification of fresh and frozen chicken has been achieved based on FT-MIR and chemometrics successfully by Grunert and collaborators. [24] What's more, Zhao et al. [27] also have applied FT-MIR spectroscopy in combination with chemometrics to discriminate Gentiana rigescens Franch materials from different geographical origins effectively. However, according to previous literatures, there has been no report on the identification and discrimination of wild-grown B. edulis and B. tomentipes samples from different geographical locations using FT-MIR spectroscopy and chemometrics.
Starting from these considerations, the aim of this study was to give a complete metabolic fingerprint of these mushroom samples, and further investigating the feasibility of FT-MIR spectroscopy and chemometrics (PCA, HCA, and PLS-DA) for the identification and discrimination of wild-grown B. edulis and B. tomentipes mushrooms from different geographical locations. This study may provide a rapid and reliable method in the practice of quality control of mushrooms.
Materials and methods

Samples preparation
In this study, a total of 60 fruiting bodies of wild-grown B. edulis and B. tomentipes mushrooms were collected in July 2014 and 2015 from 10 localities in Yunnan province, China. The details of these experimental materials are displayed in Table 1 and Fig. 1 . In the laboratory, these mushroom materials were dried in a drying oven at 60°C to constant weight. Subsequently, all samples were pulverised using a grinder (Tianjin Huaxin Instrument Factory, China) and sieved by an 80 μm mesh. Finally, the powder of experimental samples was stored for further analysis.
Instruments and reagents
The FT-MIR spectrometer (PerkinElmer, USA) equipped with a DTGS detector was used to scan the spectra data of mushroom samples. The spectral range was 4000-400 cm −1 with resolution of 4 cm −1 . For each spectrum, a total of 64 scans were performed in this study. KBr which was analytical grade was purchased from Fengchuan Fine Chemical Research Institute (Tianjin, China). 
FT-MIR spectra acquisition
The powder of each sample (1.5 ± 0.2 mg) and KBr (100 ± 2 mg) was weighed by the electronic balance (Precisa, Switzerland). They were mixed uniformly and then pressed into a tablet using the tablet press (Shanghai Shanyue Instrument, Inc., China). Then, the tablet was scanned by FT-MIR spectrometer. Background absorptions which were caused by H 2 O and CO 2 were deducted automatically when scanning the samples. Each sample was scanned in triplicate, and the average spectrum was calculated for next analysis.
Chemometrics
Prior to chemometrics analysis, the pretreatment methods were performed on these raw spectra by software of OMNIC (version 8.2, Thermo Fisher Scientific, Inc., USA). Among them, baseline correction was used for obtaining an excellent visual classification. [28] Second derivation (SD) was applied to eliminate the overlap peaks and baseline shifts. [29] Multiplicative scatter correction (MSC) was used to eliminate the noise signal caused by light scattering effect of particles. [30] PCA is one of the most used unsupervised pattern recognition algorithms, which can provide a visual overview of similarities and differences among objective samples. [31] Based on dimensionality reduction, this method can transform large amounts of original variables into some new variables, which are known as principal components (PCs). [32] In addition, the PC loadings are applied to evaluate the contribution of these spectra information to PCA classification. [32] In this study, the first two PCs were used to present the overall clustering trends of mushroom samples from different geographical locations and the PC loadings were used to exhibit some meaning variables related to this identification.
HCA is also an unsupervised chemometrics which is applied widely for clustering. This method also can classify different samples into groups according to similarities and differences among objective samples. [33] As a consequence, samples divided into the same groups are similar, whereas samples in different groups are different. Compared with PCA, this method can present the relationships of different samples more directly and clearly by observing a dendrogram in this study.
PLS-DA is one of the most popular supervised discriminant classification techniques, which is widely used in previous studies. [25, 27] In these studies, this method was applied to screen the variables that make more contribution to the discrimination from the spectra data (X) according to their maximum covariance with a defined group (Y). In general, Y defined as 1 indicates that this sample belongs to specific group, whereas Y defined as 0 shows that this sample does not belong to this group. In general, establishment of a suitable calibration is critical step for predicting unknown samples. Thereby, some parameters, such as coefficient of determination (R 2 ), root mean square error of estimation (RMSEE), and root mean square error of cross validation (RMSECV), were used to evaluate the performance of calibration model. For unknown sample, predicted value between 0.5 and 1.5 is considered as the correct recognition. In our study, PLS-DA was used to discriminate mushroom samples from different geographical locations, and further predicting unknown mushroom samples based on developed calibration model. All chemometrics methods in this paper were carried out by the software of SIMCA (version 13.0, Umetrics, Umeå, Sweden).
Results and discussion
Analysis of original spectra
In this study, 60 FI-MIR spectra of these two mushroom species (30 of B. edulis and 30 of B. tomentipes) were obtained and average spectra are presented in Fig. 2 . These spectra can give overall and comprehensive metabolic fingerprints of B. edulis and B. tomentipes mushrooms. The band between 3500 and 3200 cm −1 which may be caused by strong water absorption mainly represents the O-H stretching. [25] The region of 3100-2800 cm −1 is mainly related to fatty acids and the obvious absorption peak at 2928 cm −1 in this range expresses stretch of methylene group of lipid. [27] In addition, a weak peak around 2855 cm −1 may be caused by pyranose ring. [34] According to previous literatures, the band of 1700-1000 cm −1 is the dominating region which is attributed by organic material in macrofungi. [34, 35] Among them, the peak around 1650 cm −1 is mainly caused by protein amide II and the band around 1550 cm −1 belongs to protein amide II absorption. [36, 37] Hence, this region of 1720-1480 cm −1 is highly relevant to protein substances. Both major peaks around 1085 and 1030 cm −1 are assigned to C-C stretching which is attributed as structures of chitin. [38] The chitin is the main structural polysaccharide compounds in mushrooms and therefore, the region of 1200-950 cm −1 mainly corresponds to the absorptions of carbohydrate. [39] Besides, the peak at 1408 cm −1 which is attributed to C-O-H and C-H bending may be the result of pyranose ring. [34] Weak band around 1310 cm −1 is due to C-O-H and CH 2 bending may come from pyranose ring too. [34] As mushrooms are always rich in protein and carbohydrate compounds [2, 3] and in order to remove the interference of H 2 O absorption, the region of 1800-400 cm −1 is selected for next chemometrics analysis. The average spectrum (B. edulis) which is preprocessed by MSC and 2D is shown in Fig. 3 . However, just by visual inspection, it may be difficult to identify the B. edulis and B. tomentipes samples from different geographical locations. Hence, appropriate chemometrics may be needed to achieve the identification and discrimination aim.
Unsupervised PCA and HCA
In order to present the difference among mushroom samples, PCA was first carried on to identify B. edulis and B. tomentipes mushrooms from different geographical locations, respectively. The classification result of B. edulis samples is shown in Fig. 4A . The PC 1 makes the highest variance contribution of 37.2% and the PC 2 makes second variance contribution of 21.3% for this identification. It can be seen from Fig. 4A that these five geographical locations (BS, WS, KM, YX, and QJ) of B. edulis are determined successfully. This result demonstrates that the variation of metabolic profile among B. edulis samples is obvious according to their geographical locations. In addition, by preliminary observation, samples from YX and BS locations have a closer relationship compared with other three places (KM, WS, and QJ), which is separated by PC 2,  showing that the quality of B. edulis from YX and BS localities may be similar. As can be seen from Fig. 1 , the KM, WS, and QJ localities are located in the eastern part of Yunnan province. This can demonstrate that there is a close relation between the quality of mushrooms and their geographical locations. However, sampling locations of KM and YX have the nearest distance ( Fig. 1) , whereas B. edulis mushrooms from these areas show a more obvious separation in Fig. 4A . This appearance also indicates that besides the geographical location, many other factors such as soil and symbiotic plant [40] may have an influence on the quality of these mushrooms.
On the other hand, the Fig. 4B shows the classification result of B. tomentipes samples from different geographical locations. The first two PCs account for total variation of 62.9% for this identification. It is observed from Fig. 4B that all B. tomentipes samples are clearly separated and well distinguished with respect to their geographical locations (CX, PE, HH, DQ, and DL), showing that the composition of B. tomentipes mushrooms is also different according to their geographical locations. In particular, the geographical locations of DQ and PE are located in northwest and southwest corner of Yunnan province, respectively. In addition, the locality of DQ is closer to DL and the locality of PE is more near to HH, comparatively (Fig. 1) . These may be responsible for the positions of B. tomentipes samples from these locations in the score plot (Fig. 4B) . However, the relationship between the quality of B. tomentipes mushroom and their geographical locations may be not completely corresponding, which is similar to B. edulis. For example, although there is an obvious distance between HH and DL, the quality of mushroom from these locations is similar. Anyway, by PCA method, B. edulis and B. tomentipes mushrooms can be identified successfully with respect to their geographical locations based on the variations of metabolic fingerprints presented in FT-MIR spectra.
According to preliminary PCA method, the quality variations of B. edulis and B. tomentipes mushrooms from different geographical locations are classified effectively using the first two PCs. Thus, PC 1 and PC 2 are sufficient to describe the difference of chemical profile in different mushroom samples. To identify the wavenumbers that make high contributions to identifications, the loading plots of first two PCs for identifying different B. edulis and B. tomentipes samples are abstracted in Figs. 5 and 6, respectively. For the classification of B. edulis (Fig. 5) , and so on. With respect to the classification of B. tomentipes (Fig. 6) , peaks which make significant contribution rate to PC 1 include 1461, 1442, 1324, 1272, 1257, 1195, 1087, 1033, 1010 cm −1 , and so on, while peaks , and so on. According to above analysis of peak assignments (Figs. 2 and 3) , maybe the conclusion can be drawn that the carbohydrate metabolic compounds make higher contributions than protein profile for the identifications of both B. edulis and B. tomentipes samples. Previous literatures have demonstrated that total carbohydrate is the main compound in mushroom fruiting body. [2] In addition, the fingerprint regions also make larger contributions for these identifications as well.
However, the PCA score plots only can describe the relationship among samples ambiguous because they are two dimensional. In order to observe the intrinsic relationship directly, HCA was used to analyse B. edulis and B. tomentipes samples from different geographical locations. The dendrogram which is used to describe the clustering of spectra is presented in Fig. 7 . It is observed that all mushroom samples are divided into three parts. All the B. edulis samples are clustered together first in the right side, while B. tomentipes samples are separated into two parts in the left side. This result may demonstrate that B. edulis mushrooms in Yunnan province have a more stable quality than B. tomentipes mushrooms.
With respect to B. edulis, samples from YX and BS sites are distinguished as a cluster as their metabolic profiles are more similar. This result is coincided with the conclusion by PCA. As well, the chemical information of KM and WS may be sampleable because samples from these two locations are classified as cluster with a small distance. Mushroom samples from QJ locality are classified as a single cluster and this classification also can be observed in PCA score plot (Fig. 4A) . On the other hand, B. tomentipes mushrooms exhibit a more complicated relationships compared with B. edulis species. First, samples from DQ and DL sites are identified as a class with some misclassifications. This result shows that B. tomentipes mushrooms from these sites have the most similar characters. In Fig. 1 , the distance of these collection sites is close that they are located in the northwest of Yunnan province. Samples from HH, CX, and PE sites are distinguished as a cluster with the distance around 0.00002. However, samples from these three sites are identified together with the B. edulis mushrooms. This finding indicates that the variations of B. tomentipes mushrooms caused by geographical locations are very significant and the chemical information of these two species may be similar. In addition, except some misclassifications of the mushrooms from DQ and DL, all samples are first identified as a cluster according to their geographical locations. Therefore, HCA method can confirm the conclusion obtained from PCA and further depicts the relationships among these mushrooms from different geographical origins.
Supervised PLS-DA
To our best knowledge, PCA and HCA only can provide a preliminary judgment according to the similarity and difference of experimental samples. When unknown samples are involved, these unsupervised chemometrics are powerless. However, PLS-DA can be used to predict whether an unknown sample belongs to a particular class or not, by building the calibration model in advance. [41] In general, the training samples need to be selected elaborately in order to ensure the robustness of the calibration model. The classic Kernnard-Stone algorithm [42] was used to screen the training set and the rest of the samples were regarded as unknown samples (test set). Subsequently, PLS-DA was applied to investigate the potential of FI-MIR spectra for predicting unknown mushroom samples from different geographical locations.
In this study, 40 samples containing B. edulis and B. tomentipes mushrooms were used to build discriminate rule carefully. In this procedure, mushroom samples from each site were calibrated by coding their "Y" values as 1 and other samples' "Y" values were coded as 0, respectively. The calibration parameters of R 2 , RMSEE, and RMSECV of each geographical site are presented in Table 2 . Generally, the better the calibration model is, the larger R 2 values are and the lower RMSEE and RMSECV values are. As shown in Table 2 , all the R 2 values are higher than 0.95 and the RMSEE and RMSECV values are lower than 0.2, demonstrating that calibration model is reliable and practicable. In addition, the R 2 Y is the cumulative interpretation ability, and Q 2 Y shows the cumulative prediction ability of the present model based on cross validation. When the Q 2 Y is higher than 0.5, it shows an acceptable prediction ability of the calibration model. [43] In our study, the R 2 Y and Q 2 Y are computed to be 0.976 and 0.762, respectively. This result also suggests that this discriminate model is valid and well-fit for next prediction of unknown samples.
Based on the developed model, remaining 20 mushroom samples from different geographical locations were determined in this study. The predicted values of these unknown samples are presented in Table 3 . According to predicted values, all unknown samples are predicted accurately according to their geographical locations. Especially, as can be seen in Table 3 , all predicted values are higher than 0.8, which are close to the Y value of 1. These results demonstrate that the predicted ability of developed PLS-DA model is satisfactory and therefore FT-MIR spectroscopy in combination with PLS-DA method can be used to discriminate B. edulis and B. tomentipes mushrooms from different geographical locations and predict unknown mushroom samples successfully.
Variable importance in the projection (VIP) is the criterion which is built into PLS-DA procedure for exploring the important variables of models, and variable with the VIP value higher than 1 is significant. [44] In this study, VIP plot is extracted in Fig. 8 , which can show the important FT-MIR band for this discrimination. As can be seen in Fig. 8 , the bands which make a higher contribution to . Among them, the band of 1394-1388 cm −1 may be resolved from the peak at 1408 cm −1 (Fig. 2) , which may come from pyranose ring. [34] In addition, the band of 667-676 cm −1 in fingerprint region may be related to CH 2 groups of polysaccharides or some inorganic compounds in these mushroom species. [45] 
Conclusion
In this study, the feasibility of FT-MIR spectroscopy combined with chemometrics for identifying and discriminating B. edulis and B. tomentipes mushrooms from different geographical locations was investigated. Based on unsupervised PCA and HCA techniques, samples of these two mushrooms can be effectively classified and identified, according to their varying metabolic fingerprint characteristics. By supervised PLS-DA technique, B. edulis and B. tomentipes samples were also discriminated successfully with respect to their geographical locations, and further predicting the unknown mushroom samples accurately. Therefore, FT-MIR spectroscopy may represent a rapid and reliable tool for quality control of B. edulis and B. tomentipes mushrooms from different geographical locations. In addition, this technique also can be applied for other mushrooms for the same aim when combined with appropriate chemometrics.
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